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Calcium Spiking in Plant Root Hairs
Responding to Rhizobium Nodulation Signals
David W. Ehrhardt, Rebecca Wais, and Sharon R. Long modifications on the reducing or nonreducing end resi-
dues or both (DeÂnarieÂ and Cullimore, 1993). PurifiedHoward Hughes Medical Institute
Department of Biological Sciences Nod factors can cause many of the plant responses
associated with early nodulation, including alteration inStanford University
Stanford, California 94305±5020 root hair morphology, changes in plant gene expression,
cortical cell dedifferentiation and mitosis, and, in some
cases, the formation of mature structures resembling
authentic nodules (Mylona et al., 1995). The activity ofSummary
Nod factors on a given host depends on their particular
structural modifications, which are determined by host-Rhizobium lipochitooligosaccharide signal molecules
specific nodulation genes (DeÂnarieÂ and Cullimore, 1993).stimulate multiple responses in legume host plants,
It is presumed that Nod factors are specifically recog-including changes in host gene expression, cell
nized by the plant via one or more receptors, but little isgrowth, and mitoses leading to root nodule develop-
known of the events that lie between signal presentationment. The basis for signal transduction in the plant is
and eventual changes in plant cell morphology, genenot known. We examined cytoplasmic free calcium in
expression, and mitotic activity. An alfalfa nodulationhost root hairs using calcium-sensitive reporter dyes.
mutant, MN-NN1008, is defective in both epidermal andImage analysis of injected dyes revealed localized pe-
cortical cell response, suggesting that both these cellriodicspikes in cytoplasmiccalcium levels that ensued
responses may lie downstream of a common step inafter a characteristic lag following signal application.
signal perception or transduction (Dudley et al., 1987).Structural features of the signal molecules required
Identification of early cellular responses will define newto cause nodulation responses in alfalfa are also es-
phenotypes for analysis of plant nodulation mutants andsential for stimulating calcium spiking. A nonnodulat-
will point to likely candidates for the molecular compo-ing alfalfa mutant is defective in calcium spiking, con-
nents of the host recognition and response apparatus.sistent with the possibility that this mutant is blocked
Previous work using microelectrodes showed a char-in an early stage of nodulation signal perception.
acteristic depolarization of alfalfa root hair±transmem-
brane potential following application of nanomolar
concentrations of Nod factors (Ehrhardt et al., 1992).Introduction
Depolarization was shown to be associated with the
ability of the plant to respond to Rhizobium (EhrhardtThe interaction between plants in the legume family and
et al., 1992; Kurkdjian, 1995) and with structural featuresRhizobium bacteria results in the development of a root
of Nod factors required for nodulation response on al-nodule, a new organ that is the site for bacteria and
falfa (Felle, 1994; Kurkdjian, 1995). These results sug-plant to cooperate in the fixation and assimilation of
gested that hair cells exhibited rapid responses to nodu-nitrogen (Mylona et al., 1995). Nodule formation shows
lation signals and led us to ask if calcium might play aspecificity in that particular species or biovars of bacte-
role in nodulation-signal response. Calcium has pre-ria provoke nodule development on some plants and
viously been shown to be required for early stages ofnot on others. Rhizobium meliloti, for example, provokes
nodulation (Munns, 1970), and initial tests of extracellu-nodules on alfalfa (Medicago sativa) but does not pro-
lar currents show irregular changes in both proton andvoke nodule development on pea, which is instead nod-
calcium currents outside root hairs (Allen et al., 1994).ulated by R. leguminosarum bv. viciae.
In this study, we describe the use of dextran-linkedIn alfalfa, bacteria cause initial developmental re-
calcium-selective dyes injected directly into alfalfa rootsponses in at least twodistinct host cell types: distortion
hairs, and we report the observation of periodic calciumof tip growth in epidermal hair cells, which become sites
spiking in root hairs responding to specific R. melilotiof bacterial entry (Kijne, 1992), and dedifferentiation and
Nod factors.mitotic activation of cells in the inner root cortex (Mylona
et al., 1995). The ability of both epidermal and cortical
cells to exhibit morphogenetic or mitotic responses is Results
developmentally regulated and is restricted to the region
of the root where root hairs emerge and grow toa mature Nod Factors Induce Calcium Spiking
in Alfalfa Root Hair Cellslength (Dudley et al., 1987).
The ability of Rhizobium to cause these diverse host To avoid previously described technical constraints on
the use of calcium indicator dyes in plant cells (Read etresponses requires the function of nodulation (nod)
genes, whose transcription is stimulated by flavonoids al., 1992), we introduced dextran-linked dyes (Gilroy and
Jones, 1992; Miller et al., 1992) into individual root hairexuded by the host root (Fisher and Long, 1992). The
nod genes direct the synthesis of novel signal molecules cells by direct electroosmotic injection. The majority of
cell injections resulted in stable cytoplasmic localizationtermed Nod factors, which have a backbone of 3±5
N-acetylglucosamine residues linked b-1,4. They also of the dye, characterized by a nonuniform distribution
of dye that paralleled the distribution of cytoplasm (Fig-display host-specific modifications, such as an N-acyl
group on the nonreducing end residue and additional ures 1A and 1C). Our initial experiments were performed
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Figure 1. R. meliloti Nod Factors Cause Peri-
odic Calcium Spiking in Alfalfa Root Hairs
A. Alfalfa root hair injected with Calcium
Green±dextran (10,000 MW). The left panel
shows dye fluorescence, the center panel
shows an example of a measurement region
for fluorescence intensity, and the right panel
shows a differential interference contrast im-
age of the same hair cell.
B. Individual alfalfa root hair cells were in-
jected with Calcium Green±dextran. After re-
cording a baseline of average fluorescence
intensity within a boxed measurement region,
a solution of mixed active R. meliloti Nod fac-
tors (NodRm; see Experimental Procedures)
was added at the times shown by the arrows.
10 ml of an estimated 100 nM solution of fac-
tors was added to 1 ml of buffer in the slide
chamber, yielding about 1 nM final concen-
tration. Calcium Green data was analyzed as
the relative change in brightness, corrected
for variation in background brightness. This
quantity, designated as DFr/Fr, was obtained
by calculating the ratio of average brightness
in the cell measurement region to the average
brightness in a background reference region,
subtracting the value obtained for each time-
point from that for the first timepoint in the
experiment, then dividing each difference in
values by the value for the first timepoint.
C. Histogram of the delay times between Nod
factor application and initiation of spiking.
D. Histogram of spiking periods. The period
for each cell is an estimation based on the
average peak±to±peak time for 5±10 spikes
after a stable pattern was established.
with thedye Calcium Green, which is brightly fluorescent tors (Figure 1E). Oscillations occurred as asymmetric
ªspikesº imposed on a baseline, rather than as sinusoi-and can be excited by longer and less cytotoxic wave-
lengths than those required for Fura-2. dal waves, with the rising phase of each peak typically
faster than the falling phase. Once initiated, spiking typi-Our initial expectations were that calcium changes
would be associated with depolarization (i.e., a steady cally continued for the duration of the measurement
interval, which was 20±60 min in most experiments butand relatively slow rise in cytoplasmic calcium), or that
the demonstrated tip-based gradient of free calcium in was observed to be as long as 3 hr. In measurements
lasting longer than 60 min after factor application, theroot hairs (Clarkson et al., 1988) might be disrupted and
reestablished as root hairs undergo well-documented period of spiking often lengthened over time, and in a
small number of cases, we observed damping to thegrowth changes (Kijne, 1992). However, our observa-
tions showed something different and unexpected: the baseline over 15 or 20 min. In some cells, an initial rapid
elevation in the calcium signal was observed within 2fluorescence pattern showed a markedly regular oscilla-
tion in cytoplasmic calcium (Figure 1D) with a mean min of factor application, as seen clearly in Figure 1D,
second tracing, and Figure 5B. However, this phase isperiod of 60 s (Figure 1F) that initiated approximately 9
min after the root hairs were presented with Nod fac- completely absent in other measurements (Figure 1A,
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Specific Structural Features of Nod Factors
Are Required for Response
Nod factor is structurally related to chitin-oligosaccha-
ride molecules (Figure 4), which have biological activity
on some plant cells (reviewed by Boller, 1995). It is possi-
ble that Nod factors get degraded to chitin fragments
at the plant surface, and that in some contexts, these
chitin fragments may be the active molecules in pro-
voking a cellular response. We found that root hair cells
presented with chitin oligomers exhibited no marked
change in cytoplasmic calcium levels (n 5 10; Fig-
ure 5A).
If the calcium response is related to host-specific rec-
ognition of Nod factor structures by plant cells, then we
Figure 2. Cellular Independence of Calcium Spiking might expect Nod factors from incompatible strains of
A. Adjacent root hairs (two) sharing a cell wall were loaded indepen- Rhizobium to cause a diminished or altered calcium
dently with Calcium Green±dextran. Dye did not cross into adjacent response in alfalfa cells. We challenged alfalfa with a
uninjected cells. Nod factor isolated from R. leguminosarum bv. viciae,
B. Calcium spiking pattern of the two adjacent cells in (A) following
NodRlv-V(Ac, C18:4). This molecule lacks a sulfate moi-treatment with NodRm-IV(Ac,S,C16:2), showing that the spiking pat-
ety, has a pentameric oligosaccharide backbone, andtern is cell-autonomous.
has a C18:4 instead of C16:2 N-acyl modification of the
nonreducing residue (see Figure 4; Spaink et al., 1991).
third tracing). Injection of multiple hair cells also showed The sulfate moiety in particular has been shown to be
that adjacent responding cells did not show the same required for nodulation responses on alfalfa, but not on
spiking patterns (Figure 2) and appeared to respond Vicia (Roche et al., 1991a). We found that root hairs of
independently. Overall, 90% of injected alfalfa root hairs alfalfa presented with NodRlv-V(Ac, C18:4) showed no
showed the spiking response (n 5 40). calcium response (n 5 16; Figure 5B), although root
hairs of Vicia hirsuta did display a spiking response to
Fura-2 Imaging Reveals That Spiking this treatment (data not shown). Thus, the inactivity on
Response Is Spatially Patterned alfalfa was not due to insolubility or other nonspecific
Calcium Green and other single wavelength dyes allow reasons that were particular to this method of applica-
periodicity to be observed, but dyes that permit ra- tion. Furthermore, the nonresponsiveness of the alfalfa
tiometric measurement, such as Fura-2, allow more ac- hairs toNodRlv-V factors was not due to lack of capacity
curate measurement of calcium levels and gradients for response in these particular cells, as shown by the
(Grynkiewicz et al., 1985). We injected Fura-2±dextran fact that they responded clearly to subsequent applica-
into alfalfa root hair cells and found that we could ob- tion of NodRm factors (Figure 5B). We conclude that
serve the same type of calcium spiking we had seen the structural requirements for Nod factors to cause the
with Calcium Green±dextran (Figure 3). However, we alfalfa calcium-spiking response parallel the structural
found an unexpected constraint that limited the use- requirements for other nodulation-specific plant re-
fulness of Fura-2. When cells loaded with Fura-2 were sponses.
exposed to excitation energy prior toNod factorapplica-
tion, calcium spiking was not observed after the 5±18
Calcium Spiking Is Not a General Plantmin usually required for spiking to initiate (n 5 12; data
Response to Nod Factorsnot shown). However, if injected cells were stimulated
Symbiosis with Rhizobium and morphological respon-with Nod factor prior to irradiation and observation,
siveness to Rhizobium Nod factors, with a single excep-sturdy calcium spiking was observed (n 5 8). These
tion, is limited to members of the family Fabaceae (Le-results suggest that an irradiation-sensitive component
guminosae). If changes in cytoplasmic free calcium inin the Nod factor response pathway may exist that is
response to Nod factor have a specific relationship torequired to initiate, but not necessarily to sustain, cal-
nodulation, these changes should not be expected tocium spiking.
occur in a nonlegume. We assayed tomato (Lycopersi-Fura-2 imaging revealed that spike peaks were within
con esculentum) as a representative nonlegume anda physiologically relevant range (over 10-fold elevation
found that root hairs failed to show any change in mea-from baseline) and occurred in a distinct spatial pattern
sured free calcium in response to Nod factors (n 5 7,such that spikes initiated in a narrowly confined zone
data not shown).within the cell body and then propagated radially as the
spikes dissipated (Figure 3A). Measurements did vary
at the tip of larger cells, but not with the regular pattern A Nonnodulating Alfalfa Mutant Is Defective
in Calcium Spikingobserved near the nucleus (Figure 3B). The initiation
of calcium elevation in the region of the cell nucleus Alfalfa mutant MN-NN1008 (Peterson and Barnes, 1981)
is defective in both cortical cell division and root hairsuggests that the associated calcium stores, or the
channels that mediate calcium release, are localized to distortion (Dudley and Long, 1989). The lack of morpho-
genetic response to Rhizobium in twodifferent cell typesthis region.
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Figure 3. Spatial Pattern of Calcium Response to NodRm-IV(Ac,S,C16:2) as Measured by Ratiometric Imaging of Fura-2±dextran Fluorescence
A. Pseudocolor images of an alfalfa root hair injected with Fura-2±dextran, showing changes in cytoplasmic free calcium over 5 s intervals.
The number at the start of each row is the time in seconds relative to the first frame, which is arbitrarily labeled as 5 s. The time of Nod factor
exposure was approximately 50 min before this image series begins. The scale bar was derived by in vitro calibration with a series of buffered
calcium solutions.
B. Quantitation of average measured calcium within select regions of the cell shown in (A). The inset (340/380) shows the measurement
regions. The bottommost trace corresponds to a region drawn over the hair body. The single wavelength reference image (340), reveals the
location of the cell nucleus (n). Images of many cells show that the location of the nucleus under differential interference contrast optics
corresponds to a characteristic concentration of dye in the same region of the cell, perhaps owing to an accumulation of cytoplasm near the
nucleus.
suggests that this mutant might be defective in an early from the parental line from which the mutant was iso-
lated showed a normal pattern of spiking (14 cells testedstep of nodulation-signal perception (Dudley and Long,
1989). We assayed the calcium response of this mutant from 5 plants, 12 cells showed a spiking response).
These results suggest that root hair distortion, corticalto nodulation signals (Figure 5D) and found that it also
failed to show calcium spiking (22 cells tested from 9 division, and calcium spiking may all share a common
step in early signal perception.plants, all 22 negative for spiking), whereas seedlings
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responses. Our results so far satisfy this criterion: both
unmodified chitotetraose (CT4) and Nod factors from R.
leguminosarum bv. viciae failed to cause calcium spik-
ing in alfalfa. These results are consistent both with the
nodulation behavior of the two bacterial species and
with the structural features of purified Nod factors re-
quired to cause nodulation-related responses in alfalfa
(DeÂ narieÂ and Cullimore, 1993). Another important crite-
rion of functional association is that calcium spiking
should parallel the ability of the plant to mount other
responses to nodulation signals. This criterion is also
satisfied in the tests we applied: Nod factors isolated
from R. meliloti failed to cause calcium spiking both in
the nonlegume tomato and in an alfalfa mutant that fails
to show either root hair distortion or cortical celldivision.
Our previous observation that Nod factors cause de-
polarization of host root hair±membrane potential was
one motivation to study calcium behavior in this system.
At present, the relationshipbetween the two phenomena
remains unclear. Depolarization of transmembrane po-
tential had been observed to initiate within 2 min, reach-
ing a maximum after an average of 10 min (Ehrhardt et
al., 1992). Since calcium spiking initiates after a longer
delay (9 min average), we conclude that calcium spiking
is not causal todepolarization. However, in many experi-
ments utilizing Calcium Green, we observed a rapid in-
crease in fluorescence within 2 min of factor application
(Figure 5). The frequency with which we observed this
behavior, and its timing, are consistent with the fre-
quency and timing of depolarization, and the direction
of calcium movement is consistent with depolarization.
Our discovery leads to several new questions regard-
ing host-cell response to Nod factors: the identity of the
mechanism that triggers calcium spiking, the mecha-
nism by which spiking is sustained, and the functional
consequences of the calcium spikes.
As in other organisms (Clapham, 1995), calcium is an
important regulator of cellular activity in plants, and its
concentration and movement are tightly controlled
(Bush, 1995; Hepler and Wayne, 1985). Of particular rele-
vance to this study, calcium has been implicated as a
Figure 4. Chemical Structures of Nod Factors and CT4 secondary messenger in plant±cell signal transduction.
Many external stimuli have been shown to induce in-NodRm-IV(Ac,S,C16:2) is synthesized by R. meliloti, NodRlvV-
V(Ac,C18:4) by R. leguminosarum bv. viciae. In addition to the differ- creases in free calcium: depolarization of root hair±
ence in length of one sugar in the oligosaccharide backbone, the transmembrane potential, touch, cold shock, pathogen
two molecules also differ in the length and pattern of unsaturation elicitor, red light, and treatment of some cells with auxin,
of their fatty acyl substitutions and in the presence or absence of
cytokinins, gibberellic acid, and abscisic acid (Bush,a 6-O-sulfate moiety on the reducing terminal sugar.
1995). In a few studies, elevations in free calcium have
been causally linked to downstream events. Elevation
Discussion of cytoplasmic calcium has been shown to be sufficient
for induction of new cell-bud growth in Funaria (Saun-
In this paper, we report that R. meliloti nodulation-signal ders and Hepler, 1982, 1983), for closure of stomatal
molecules induced regular spikes of cytoplasmic free guard cells (Gilroy et al., 1990), and for transcription of
calcium after a characteristic lag in infectible cells of some classes of genes that are regulated by phyto-
alfalfa. Ratiometric imaging revealed that calcium spik- chrome (Bowler et al., 1994; Neuhaus et al., 1993). In
ing had a characteristic localization within the cell, being some cases, molecular mediators between an external
most prominent in the region of the cytoplasm proximal stimulus and calcium release into the cytosol have been
to the cell nucleus. identified. For example, in phytochrome-mediated pho-
If calcium spiking is associated with nodulation, the totransduction, the receptor for the external stimulus is
behavior must not only depend on bacteria or Nod fac- known, although the components linking phytochrome
tors but should require the same structural features of to calcium elevation have not yet been identified (Bowler
et al., 1994). In guard cells, patch-clamp studies havethose signals that are required to cause other nodulation
Cell
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identified a nonselective calcium channel that is opened
by abscisic acid treatment (Schroeder and Hagiwara,
1990). Despite such advances, however, we know rela-
tively littleabout calcium-dependent signal transduction
in plant cells as compared with some other organisms.
The particular type of calcium response we have ob-
served, regular oscillation, has been observed in only a
few other plant systems to date. Felle (1988) described
a sinusoidal oscillation with a slow 20±30 min period in
maize coleoptile cells in response to auxin treatment,
and recently McAinsh et al. (1995) have observed slow
calcium oscillations in guard cells after artificial eleva-
tion of external or cytoplasmic calcium, with periods
ranging from 5±16 min. In neither of these cases is the
function of calcium oscillation known, although it was
hypothesized to play a role in signal transduction (Felle,
1988; McAinsh et al., 1995).
Although calcium oscillation mechanisms have not
been well characterized in plants, calcium oscillations
caused by external stimuli are extensively documented
in numerous animal cells (Fewtrell, 1993), and in many
cases, components of the oscillators have been identi-
fied (Fewtrell, 1993; Tsien and Tsien,1990). Several mod-
els have been proposed to explain observations col-
lected in a wide variety of experimental systems
(Fewtrell, 1993; Tsien and Tsien, 1990). The picture that
has emerged is that, depending on the cell type and
stimulus, there is more than one mechanism by which
oscillations are generated. Postulated mechanisms
have in common various means of negative and positive
feedback, often involving another secondary messen-
ger, typically inositol trisphosphate, and release of cal-
cium from an internal store. In some systems, flux across
the plasma membrane is required, while in others all
movement is between intracellular compartments.
The reproducibility of root hair calcium-spiking in re-
sponse to Nod factors and the localized pattern of cal-
cium elevation make this system an attractive one for
addressing mechanistic questions about releasable cal-
cium stores, the proteins that mediate calcium flux, and
related signaling molecules in plant cells. The initiation
of calcium elevation in the region of the cell nucleus
suggests that the associated calcium stores, or the
channels that mediate calcium release, are localized
to this region and are likely internal. In an attempt to
determine if calcium spiking requires influx of external
calcium, we buffered external calcium with EGTA; how-Figure 5. Calcium Spiking Requires Specific Structural Features of
Nodulation Signals and Fails to Occur in a Nodulation-Defective ever, this resulted in loss of cell viability, even at micro-
Alfalfa Mutant molar levels of external calcium. We therefore took an
A. Purified CT4 was presented to each seedling at the times shown alternative approach and substituted magnesium for
by the filled arrows to approximately 1 nM final concentration (the calcium under perfusion. The results we obtained with
same as NodRm in other preparations). To assay for responsiveness magnesium replacement were variable. In some cases,
of the cells, purified Nod Factor (NodRm-IV[Ac,S,C16:2]) was added spiking stopped within 2 min of initiating replacement;to the same preparations after 40±60 min, shown by the unfilled
in others, spiking continued but eventually slowed to aarrows. All root hairs responded with calcium spiking, showing that
the failure to respond to CT4 was not due to loss of the ability to
respond.
B. Multiple root hairs on one plant were injected with dye. Each root
hair was imaged separately to measure fluorescence. The plants C. Fluorescence micrograph of the injected cells measured in (B).
were presented with Nod factor from Rhizobium leguminosarum bv. D. Root hairs of tomato, of a nonnodulating alfalfa mutant (MN-
viciae (NodRlv-V(Ac,C18:4) at the times shown by the filled arrows. NN1008), and of the parental line from which the mutant was isolated
After 25±30 min, a second application of NodRm-IV(Ac,S,C16:2) was (MN-NC4) were presented with NodRm-IV(Ac,S,C16:2). The mutant
made to the same plants. No root hairs responded to NodRlv- cell was presented with two times (2 3) and four times (4 3) the
V(Ac,C18:4), but each responded to a subsequent treatment with amount of Nod factor that was presented to the wild-type cell (ap-
NodRm-IV(Ac,S,C16:2). prox 1 nM final).
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stopafter 10±20 min; and in yetothers, spiking amplitude the combination of assays for early host responses and
host genetic studies will be particularly powerful. Plantattenuated and then returnedto initial levels after several
minutes (unpublished data). The diversity of these out- genetic variants will be vital to dissect early host-re-
sponse mechanisms, and in turn, early assays for nodu-comes suggests that spiking behavior is sensitive to
manipulation of external calcium but that external cal- lation events will greatly aid theanalysis of host mutants.
For example, available nodulation-deficient plant mu-cium is not likely to be the sole calcium source for each
spikeevent. The relationship of externalcalcium to initia- tants can be tested for their ability to show the calcium-
spiking response. The best candidates for receptor andtion and maintenance of spiking, and the possible role
of secondary messengers such as inositol trisphos- signal transduction mutants among these plants would
likely be those that do not show calcium spiking. Geneticphate, will be important questions for future investi-
gation. analysis will provide critical tests for the significance of
cell behaviors and will be essential for dissection of theThe functional significance of oscillations, as opposed
to simple calcium transients or sustained elevation, has signal transduction pathway, particularly if it is complex
and branched.been debated at some length (Fewtrell, 1993; Tsien and
Tsien, 1990). The fact that some cells show a depen-
dence of oscillation frequency on ligand dose has sug- Experimental Procedures
gested that frequency may carry information (Meyer and
Stryer, 1991), but there are few data addressing the Plant Growth and Preparation
necessity or sufficiency of calcium spiking to cause Alfalfa seed was surface-sterilized, germinated, and grown on agar
downstream cell behaviors in nonexcitable cells (Few- plates as previously described (Ehrhardt et al., 1992). Seedlings (2
days old) were mounted in chambers constructed on glass cover-trell, 1993; Tsien and Tsien, 1990). However, a study of
slips. A well, approximately 22 mm in diameter, was made withthe functional significance of calcium oscillation fre-
silicon grease (Corning) on a large coverslip (#1), and the seedlingquency in excitable cells (Xenopus embryonic neurons)
was secured by a smaller coverslip laid across the root just proximal
reported that the frequency of artificially induced cal- to the root hair development zone. The well was filled with approxi-
cium transients was sufficient to direct the outcome mately 1 ml alfalfa recording buffer (2.0 mM Ca(SO4)2, 0.5 mM
of cellular differentiation (Gu and Spitzer, 1995). One KH2PO4, 0.5 mM Mg(SO4)2, 2.0 mM MES·KOH [pH 5 6.0]), and the
root tip distal to the root hair development zone was excised by aproposed function of oscillations is that they act as a
razor blade (Ehrhardt et al., 1992).filter to discriminate true signals from environmental
noise (Meyer and Stryer, 1991). A related idea is that
Fluorescence Imaging Instrumentationoscillations enhance fidelity of signal perception by
The quantitative fluorescence system was built around a Nikon Dia-allowing signal integration over a long period of time, yet
phot stand (Technical Instruments Inc.,San Francisco,CA) equippedwithout causing a deleterious sustained rise of calcium
with a 75 watt XBO lamp (Ushio, Tokyo, Japan), a dual filter wheel
(Tsien and Tsien, 1990). Fidelity of signal perception in the excitation path (Metaltek Instruments, Raleigh, NC), a remote
might be particularly important for potentially costly de- shutter on the halogen lamp (Uniblitz, Vincent Assoc., Rochester,
velopmental decisions, such as nodule initiation. NY), a remote focus motor (Ludle Electronic Products, Hawthorne,
NY), a Nikon B1-E filter set for Calcium Green fluorescence (470±490The specificity of calcium spiking for signal structure
nm excitation, 520±560 nm emission), a Fura-2 filter set (340 6 10and its resemblance to known signal transduction motifs
nm emission, 380 6 10 nm excitation (Chroma Tech Corp., Brat-in animal systems suggests that as a rapid reporter of
tleboro, VT), 510 6 20 nm emission (Omega Optical, Brattleboro,
signal recognition, it will provide several new opportuni- VT), and a Nikon 40 3 LWD DIC/Fluor objective (numerical aperture
ties for dissection of early nodulation. A cell-autono- equals 0.7).Fluorescence images weredetected with a Silicon Inten-
mous assay may be useful for determining respon- sified Tube (SIT) camera (Model 2400±08, Hamamatsu Photonics
Systems Corp., Bridgewater, CT) mounted on the side port of thesiveness of individual cells or tissues to particular signal
microscope with a 1 3 video relay lens (Nikon). Control of micro-structures and concentrations and for analyzing the ba-
scope instrumentation, image digitizing, and quantitative analysissis of any differences. The early timing of the response
were performed with the Image-1/Fluor system from Universal Im-
places it closer to the primary signal reception event, aging Corp. (Rochester, NY).
allowing a finer dissection of initial nodulation events
than does assay of a behavior, such as root hair distor-
Injection of Indicator Dye
tion or nodule organogenesis, that requires input from Micropipettes were pulled (model P97, Sutter Instrument Co., No-
a greater number of cell functions and signals. This likely vato, CA) from filamented capillaries (1-B1F4, World Precision In-
proximity to the receptor, together with the fact that struments, Sarasota, FL) to a tip diameter of approximately 0.2 mm,
as estimated by scanning electron microscopy (data not shown).spiking is observable in a single cell, promises to make
Electrodes made from these micropipettes had a resistance of ap-this assay useful in tests of putative receptor behavior
proximately 60 MV when the pipette and reference cell were filledin heterologous or reconstituted systems.
with 3 M KCl (silver/silver chloride contacts), and the tip was im-
Our observations are consistent with the possibility mersed in alfalfa recording buffer.
that calcium is a secondary messenger in nodulation Calcium Green±dextran and Fura-2±dextran (both 10,000 MW,
signaling. The issues of necessity and sufficiency need Molecular Probes, Inc., Eugene, OR) were dissolved to a 50 mg/
ml solution in glass-distilled water (filtered 0.2 mm). Before eachto be addressed by additional experiments in which
experiment, 1 ml of 5 3 injection buffer (750 mM KCl, 450 mMcalcium transients are blocked and in which they are
HEPES·KOH [pH 5 7.0]) was mixed with 4 ml dye and spun atartificially induced. Given the temporal and spatial com-
10,000 3 g for 2 min to pellet any particulate matter. A small quantity
plexity of the observed calcium response, we anticipate of dye solution was loaded directly into the tip of a micropipette
that definitive evidence of sufficiency may require more using a microloader plastic tip (Eppendorf).
than simple global elevation of cytosolic calcium. As we The micropipette was back-filled with 1 M KCl and inserted in an
electrode holder fitted with a chlorided silver wire. The referencehave shown here with the MN-NN1008 alfalfa mutant,
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electrode consisted of a sintered silver/silver chloride pellet in con- supplying MN-NN1008 and MN-NC4 alfalfa seed; FreÂ deÂ ric Lefievre
for help with electroosmotic theory; Robert Fisher for comments ontact with 1 M KCl. An agar bridge of alfalfa recording buffer in 0.8%
agarose was used to connect the reference electrode to the seedling the manuscript; and J. Allan Downie, Lubert Stryer, Richard Lewis,
and Peter Hepler for advice and helpful discussion. This work waschamber bath.
Cells were impaled using an Eppendorf micromanipulator (Model supported by the Howard Hughes Medical Institute, the Department
of Energy (DE-FG-03±90ER20010), National Science Foundation5171, Eppendorf North America, Madison, WI), and progress was
monitored by measurement of membrane potential with an intracel- FAW award HRD-9024330, and the Department of Energy Instru-
mentation program (DE-FG05±91ER79053).lular amplifier (Model IR-183, Neurodata Instruments Corp., New
York, NY). When a stable potential of over 2100 mV was recorded,
Received December 13, 1995; revised April 10, 1996.dye was injected by passing 5±12.5 nA of positive current through
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